Bell state measurement (BSM) plays crucial roles in photonic quantum information processing. The standard linear optical BSM is based on Hong-Ou-Mandel interference where two photons meet and interfere at a beamsplitter (BS). However, a generalized two-photon interference is not based on photon-photon interaction, but interference between two-photon probability amplitudes. Therefore, it might be possible to implement BSM without interfering photons at a BS. Here, we investigate a linear optical BSM scheme which does not require two photon overlapping at a BS. By unleashing the two photon coexistence condition, it can be symmetrically divided into two parties. The symmetrically dividable property suggests informationally symmetrical BSM between remote parties without a third party. We also present that our BSM scheme can be used for Bell state preparation between remote parties without a third party. Since our BSM scheme can be easily extended to multiple photons, it can be useful for various quantum communication applications.
I. INTRODUCTION
Photons are promising physical system for quantum information [1] [2] [3] . Bell state measurement (BSM), which is a projective measurement onto maximally entangled states, plays crucial roles in many photonic quantum information processing applications including quantum teleportation [4, 5] , quantum key distribution [6, 7] , and quantum computation [8] [9] [10] . The linear optical BSM has been widely applied to various quantum information processes due to the simplicity of the experimental implementation [11] [12] [13] [14] .
The standard linear optical BSM scheme utilizes HongOu-Mandel (HOM) interference where two photons meet and interfere with each other at a beamsplitter (BS) [15] . Although HOM interference is often understood as a photon bunching phenomenon when two indistinguishable photons meet at a BS, the coexistence of two photons is not essential. Indeed, the physical origin behind HOM interference is not photon-photon interaction at a BS, but interference between two-photon probability amplitudes [16] [17] [18] [19] [20] [21] . This enables two-photon coupling without overlapping two photons at an optical element in time [22] [23] [24] [25] . Therefore, it is fundamentally interesting to investigate whether it is possible to design a new linear optical BSM scheme where two photons do not overlap at a BS. In practice, it might suggest new applications in quantum information processing by unleashing the condition of two photon coexistence from the standard BSM scheme.
In this Letter, we develop a linear optical BSM scheme without photon-photon overlapping at a BS. Our BSM Figure 1(a) shows the standard linear optical BSM scheme for polarization qubits. The incoming photons from Alice (A) and Bob (B) meet at a BS, and HOM interference occurs. It is often to scan the optical delay l of one of the photons in order to overlap two photons at a BS. Then, the photons are split by polarizing beamsplitters (PBS) at each output and detected by single-photon detectors (D1-D4). The state
(|HV + |V H ) is registered by the coincidences of D12 or D34. Here, |H and |V denote horizontal and vertical polarization states, respectively, and Dmn is the coincidence between Dm and Dn where m, n ∈ {1, 2, 3, 4}. On the other hand, states of
(|00 ± |11 ) cannot be determined by this scheme, so the success probability is P s = 1/2. Note that the standard BSM scheme can be used for generating Bell states. For example, if one inputs |H and |V states at each input modes, |ψ − state is prepared between two outputs of the BS when each output mode occupies a single-photon state.
B. Informationally symmetrical scheme
Let us introduce our scheme of informationally symmetrical BSM without a third party, see Fig. 1(b) . The probability amplitudes of |H and |V of photons A and B are divided by PBS1. Similar to the standard scheme, the optical delay l of one of the photons can be scanned in order to allow interference. While Alice and Bob keep the probability amplitudes of |H , they exchange the probability amplitudes of |V using circulators (C) which direct beam as 1 → 2, and 2 → 3. After half waveplates (HWP, H1) at 45
• , the probability amplitudes interfere at PBS2. Finally, the photons are detected by D1-D4 after passing through HWP at 22.5
• (H2) and PBS3. In order to investigate how the proposed scheme performs BSM, we first consider the initial state of
Here, a † and b † are the creation operators at modes a and b, and the subscripts H and V denote horizontal and vertical polarization states, respectively. After the PBS1, which transmits (reflects) horizontal (vertical) polarization state, the state becomes
Note that the ± sign changes to ∓ due to the relative phase between the transmitting and reflecting modes. The state remains the same after the exchange of probability amplitudes of d † V ←→ e † V via circulartors. After the half waveplate at 45
• (H1) and PBS2, the state evolves to
The transformation of a HWP at 22.5
, and thus, the states become
Therefore, |φ + is registered by the coincidences of D13 or D24, while |φ − corresponds to D14 or D23. Note that the successful BSM results are registered by the coincidence between output modes g and h. It indicates both outputs g and h are occupied by a single-photon state, and thus, two photons have never met and interacted at an optical element during the propagation for the successful BSM outcomes.
Similarly, before PBS3, the initial state of |ψ
It indicates that both |ψ + and |ψ − states give two photons at one of four possible outcomes D1 − D4, and cannot be distinguished. Therefore, the overall success probability of BSM is P s = 1/2.
Despite the same success probability, there is a significant difference between the standard and our BSM schemes. Let us suppose that Alice and Bob are apart, and each has a single photon. If they want to perform BSM using their photons, in the standard BSM scheme, for example, Alice should send her photon to Bob, then Bob performs BSM. Considering the information flow, this scenario is asymmetric since Alice has to provide her full information (sends her photon) to Bob, whereas Bob does not provide any information to Alice. Since two photons should meet at a BS for the standard BSM scheme, it is impossible to make the scheme symmetric without introducing a third party. The asymmetric nature of the scheme is visualized in Fig. 1 (a) such a way that it cannot be symmetrically divided into the upper and lower parts due to the BS.
On the other hand, our BSM scheme is informationally symmetrical without a third party, i.e., Alice and Bob can perform BSM without breaking the symmetry of the information flow. As presented by the dashed blue line in Fig .1(b) , it can be symmetrically divided into the upper and lower parties, and they can be apart. Since the successful BSM results are registered by the coincidences of D13, D24, D14, and D23, neither Alice nor Bob can retrieve the BSM result alone, but they should cooperate to get the BSM result.
In cryptologic communication, the information symmetry between two communicating parties, Alice and Bob, is important [26] . For instance, if Bob has more information than Alice, it might be possible for him to betray Alice without being noticed. For informationally symmetrical implementation, it is often to have a third party who helps the cryptographic communication between Alice and Bob. However, it requires another assumption that the third party is honest, i.e., she does not cooperate with neither of Alice nor Bob in secret. Therefore, when it is applied to measurement-deviceindependent (MDI) quantum communication scenarios the informationally symmetrical BSM has a clear advantage over the standard BSM scheme [6, 7, 27] . It is remarkable that the roles of the third party in standard MDI-QKD scheme are equally shared by Alice and Bob, and thus, the symmetry of the information flow can be maintained.
It is notable that our BSM scheme can be utilized as a scheme to prepare Bell states from separable single photon inputs. Let us consider both Alice and Bob input |D = 1 √ 2 (|H +|V ). Then, after PBS2, the state evolves to
Therefore, if a single-photon state is found at each output of g and h, the state becomes a Bell state of
By positioning Alice and Bob apart, this result suggests informationally symmetrical remote Bell state preparation without a third party. Similar to BSM, the informationally symmetrical remote Bell state preparation scheme provides advantages to quantum communication. In many quantum communication protocols, an entangled photon pair is locally generated by, for example Alice, and distributed between Alice and Bob. In this scenario, Alice has much more information than Bob as she has full control of generating entangled photon pairs. In order to make the scheme symmetric, a third party which generates Bell states and distributes the photon pairs to Alice and Bob is essential. On the other hand, our scheme enables the symmetrical preparation of entangled photon pair between remote Alice and Bob without a third party, and thus, one can implement informationally symmetrical quantum communication without a third party.
Lastly, we remark that our scheme can be generalized to arbitrary number of photons. As shown in the supplement material, by adding the interferometers in parallel, one can generate or perform projective measurement onto N -photon GHZ state,
. Therefore, our scheme can be useful for various multi-party quantum communication protocols [28, 29] . Note that the feature of symmetrical quantum communication without a third party is still valid.
III. EXPERIMENTAL RESULTS
The experimental proposal of Fig. 1(b) requires synchronization and phase stabilization between photons traveling through different optical paths. We note, however, these technical issues can be solved with the current technology even when the optical paths are few hundreds of km [30] . In order to verify our BSM and Bell state preparation schemes, we perform proof-of-principle experiments. Here, we present the experimental results. The experimental details of the photon source and the proof-of-principle experiment can be found in supplement materials. Various coincidence counts with respect to scanning the optical delay l for the input states of (a) |φ − , and (b) |ψ − , repectively. When the input state is |φ − , one can observe a HOM dip or peak depending on the configurations of the coincidences. The visibility of HOM dip and peak is measured as V = 0.88 ± 0.02 and 0.87 ± 0.02, respectively. For the input state of |ψ − , the coincidence of D11 provides a HOM peak with the visibility of V = 0.94 ± 0.02, while D24 shows null outcome.
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Coincidecne counts (for 5 sec) FIG. 3 . Bell state measurement outcomes with respect to various input Bell states. The erroneous detection probability for input |φ − and |φ + states are Q = 5.3 ± 0.7% and 5.9 ± 1.1%, respectively. |ψ ± input states do not provide coincidence counts between D1 − D4, but give two-photon outputs at D1 as presented as D11. Error bars are experimentally obtained standard deviations.
to the scanning optical delay l for the entangled input states of (a) |φ − and (b) |ψ − , respectively. When the input state is |φ − , the coincidences of D13+D24 (D14+ D23) shows a HOM dip (peak) at the optical delay of l = 0. This result implies that the proposed scheme provides non-classical two-photon interference, and can be useful for BSM. The visibility, which is defined by the relative depth (height) of the dip (peak) to the noninterfering cases, is measured as V = 0.88 ± 0.02 and 0.87±0.02 for the dip and peak cases, respectively. When the input state is |ψ − , it causes two photon outputs at D1, as presented by the HOM peak of D11 with the visibility of V = 0.94 ± 0.02. The coincidences of D24 shows null outcome.
In oder to verify the BSM results, we summarize the coincidences depending on the inputs of four Bell states at zero optical delay of l = 0 in Fig. 3 . Most |φ − states are successfully registered by the coincidences of D14+D23 with a few erroneous detections at D13+D24. On the other hand, |φ + state provides the successful coincidences of D13 + D24 while it causes small erroneous detections of D14 + D23. The input states of |ψ ± do not provide any of above coincidences while they give two photon outputs at the same output port, registered as D11. Therefore, we can conclude that the coincidences of D13 + D24 and D14 + D23 successfully perform the projective measurement onto |φ + and |φ − states, respectively. Note that the erroneous detection ratios to the overall events of |φ ± inputs, which corresponds to the quantum bit error rate (QBER) of MDI-QKD, are measured as Q = 5.3 ± 0.7% and 5.9 ± 1.1% for |φ − and |φ + input states, respectively. These results are well be- low the lower bound QBER of 11% for secure MDI-QKD, and thus, it is applicable to the MDI quantum communication applications [7] .
In order to verify the ability to generate Bell state with our scheme, we input separable states at mode a and b, and perform two-photon quantum state tomography at modes g and h [31, 32] . Figure 4 shows the experimentally obtained two-qubit density matrices for input states of (a) |D a ⊗ |D b and (b) |D a ⊗ |A b , where |A = 1 √ 2 (|H − |V ), respectively. The left (right) figure presents the real (imaginary) part of the density matrix. As predicted by the theoretical investigation, the states are similar to the Bell states of |φ + and |φ − , respectively. The fidelities between the theoretical Bell state and the experimentally obtained state are F = 0.91 ± 0.02, and 0.91 ± 0.01, respectively. The estimated concurrence of C = 0.87 ± 0.01 and 0.85 ± 0.03 clearly presents that entangled states can be prepared between two remote parties of Alice and Bob without a third party.
IV. CONCLUSION
We present a linear optical Bell state measurement (BSM) scheme which does not require two photon overlapping at a beamsplitter. While the success probability of our BSM is the same as the standard linear optical BSM, i.e., P s = 1/2, it has several advantages over the standard BSM scheme. Unlike the standard BSM scheme, our scheme can be symmetrically divided into two parties. The symmetrically dividable property of our scheme suggests informationally symmetrical BSM between remote parties without a third party.
We also present that our BSM scheme can be understood as remote Bell state preparation without a third party. The implementation of informationally symmetrical Bell state preparation and measurement enables implementing informationally symmetrical quantum communication which is significant in cryptography. Lastly, we show that our scheme can be generalized to arbitrary number of photons, that prepares or analyzes N -photon GHZ states. With the theoretical investigation, we also present proof-of-principle experimental results that prove the effectiveness of Bell state measurement as well as Bell state preparation. Considering fundamental interest and practical applications of remote Bell state preparation and measurement, our scheme will pave a new way to photonic quantum information processing.
